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ZebraﬁshWnt signaling plays critical roles in development of both tetrapod lung and ﬁsh swimbladder, which are the
two evolutionary homologous organs. Our previous data reveal that down-regulation of Wnt signaling leads
to defective swimbladder development. However, the effects of up-regulation of Wnt signaling on swimblad-
der development remain unclear. By knockdown of the Wnt protein inhibitory gene wif1, we demonstrated
that up-regulation of Wnt signaling also resulted in perturbed development of the swimbladder. Speciﬁcally,
the growth of epithelium and mesenchyme was greatly inhibited, the smooth muscle differentiation was
abolished, and the organization of mesothelium was disturbed. Furthermore, our data reveal that it is the
reduced cell proliferation, but not enhanced apoptosis, that contributes to the disturbance of swimbladder
development in wif1 morphants. Blocking Wnt signaling by the Wnt antagonist IWR-1 did not affect wif1
expression in the swimbladder, but complete suppression of Hedgehog signaling in smo−/−mutants abolished
wif expression, consistent with our earlier report of a negative feedback regulation of Wnt signaling in the
swimbladder by the Hedgehog signaling. Our works established the importance of proper level of Wnt signaling
for normal development of swimbladder in zebraﬁsh.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Wnt signaling pathway has been reported to play critical roles in
mammalian lung development [1]. In mice, conditional inactivation
of β-catenin or overexpression of Wnt inhibitor Dkk1 in lung epitheli-
umafter lung speciﬁcation inhibits distal airway epithelial development
and leads to a global proximalization [2], whereas mesenchymal-
speciﬁc inhibition of β-catenin results in reduced mesenchymal prolif-
eration [3,4]. Recently, it has been shown thatWnt signaling is required
not only for lung growth, but also for lung endoderm speciﬁcation and
progenitor fate decision [5]. Our previous study showed that blocking
of Wnt signaling results in perturbed development of swimbladder in
all the three tissue layers: epithelium, mesenchyme and mesothelium
[6]. However, the effects of up-regulation of Wnt signaling on swim-
bladder development have not been investigated.
TheWnt inhibitory factor-1 (Wif1) is a secretedprotein that binds to
Wnt proteins and inhibits their activities. The amino acid sequences of
Wif1 are highly conserved from zebraﬁsh to Xenopus to mouse [7].
The expression ofwif1 inmice, Xenopus and zebraﬁsh has been partially
described [7,8].wif1 is silenced by promoter methylation in non-small-rtment of Biological Sciences,
ngapore. Tel.: +65 65162860;
@imcb.a-star.edu.sg (V. Korzh).
l rights reserved.cell lung cancer and inhibits cell growth both in vivo and in vitro [9,10].
In zebraﬁsh, wif1 expression appears ﬁrst in the paraxial mesoderm at
the onset of somitogenesis. Wif1 plays critical roles in the axis forma-
tion in Xenopus [7] as well as in carcinogenesis [11–13]. Human Wif1
has been reported to bind with XenopusWnt3a and Wnt8 and thereby
to inhibit their activities [7]. However, expression of wif1 in zebraﬁsh
swimbladder and its functions in swimbladder development remains
to be revealed.
In the current study, we ﬁrst demonstrated the expression of wif1
mRNAs in developing swimbladder in zebraﬁsh embryos by whole
mount in situ hybridization. By up-regulation of Wnt signaling
through wif1 morpholino knockdown, as well as blocking of Wnt
signaling by IWR-1, we demonstrated that Wnt signaling regulated
zebraﬁsh swimbladder development in a dosage-dependent manner
and having a crosstalk with Hedgehog (Hh) signaling.
2. Materials and methods
2.1. Zebraﬁsh strains
Wild type zebraﬁsh from AB background and heterozygous mutant
(smob641, Barresi et al., 2000) and transgenic line Et(krt4:EGFP)sq33-2,
Winata et al., 2009)weremaintained in the zebraﬁsh facility of Institute
of Molecular and Cell Biology, Singapore. All experimental protocols
were approved by the Institutional Animal Care and Use Committee
(IACUC) of National University of Singapore (Protocol 079/07) and
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Embryos were grown in egg water with 0.2 mM 1-phenyl-2-thiourea
(PTU) to prevent pigmentation.
2.2. Whole mount in situ hybridization (WISH) and microscopy
WISH was performed using digoxigenin (DIG)-labeled antisense
RNA probes as described previously [14]. wif1 probe used for WISH
was ampliﬁed by primers (F1: cttaagccaaccaaaggatggctttcag and R1:
ctcgaggtgtaggctaatggaagtcacac) based on wif1 cDNA sequence
(Genebank access number: NM_131229.1). Photography of live
embryos and WISH embryos was conducted using a dissecting
ﬂuorescent microscope (SZX12 Olympus, Japan) and a compound
microscope (Zeiss Axioscope 2, Zeiss, Germany). Microscopy of the
histoimmunoﬂuorence sections was performed using a dissecting ﬂuo-
rescent microscope (SZX12 Olympus, Japan).
2.3. Morpholino knockdown
Morpholino oligonucleotides (MOs) were synthesized by Gene
Tools (USA) and Wif1 knockdown was performed by injection of anti-
sense morpholino oligonucleotides. MOs were prepared in 1× Danieau
solution (58 mMNaCl; 0.7 mMKCl; 0.4 mMMgSO4; 0.6 mM Ca(NO3)2;
5.0 mM pH 7.6 HEPES). Wif1 RNA devoid of MO antisense target was
synthesized in vitro and RNA concentrations were adjusted as required
in sterile ﬁltered water. The needles used for microinjection were pre-
pared using the Sutter Micropipette puller P-97 (Sutter Instruments
Co, USA). MOs and RNA were injected into the cytoplasm of 1- to 2-
cell stage zebraﬁsh embryos using Picoinjector PLI-100 (Medical Sys-
tems Corp, Greenvale, NY, USA). The injected embryos were reared in
egg water (1 ml of egg water contains 10% NaCl, 0.3% KCl, 0.4% CaCl2,
1.63% MgSO4.7H2O, 0.01% methylene blue, and 95 ml ddH2O) until
analysis.
2.4. Reverse transcription quantitative PCR (RT-qPCR)
Total RNAs were isolated using RNeasy kit (QIAGEN) and 1 μg of
RNAwas used for reverse-transcription into ﬁrst-strand complimentary
DNA (fscDNA) using a SuperScript III Reverse Tanscriptase kit
(Invitrogen). 2 μl of resultant fscDNA was used for RT-qPCR, following
the MIQE (Minimum Information for Publication of Quantitative Real-
Time PCR Experiments) guideline [15]. The RT-qPCR was performed on
an Applied Biosystem 7500 Fast machine (Applied Biosystem), applying
the 2−ΔΔCt SYBR green protocol [16]. Primers F1: cttaagccaaccaaag-
gatggctttcag and R2: cagtggcttgccaggtgaag were used for wif1 RT-PCR
primers. Three pairs of primers for each of axin2, and lef1were designed
to produce a cross-intron amplicon around 150 bp. One pair of primers
for each gene was selected as following: axin2 (F: 5′ggacacttcaaggaa-
caactac; R: 5′ cctcatacattggcagaactg3′), lef1 (F: 5′gagggaaaagatccag-
gaac3′; R: 5′aggttgagaagtctagcagg3′). β-actin [17] was used as a
reference. The thermo cycle was: 50 °C 2 min, 95 °C 10 min, followed
by 40 cycles of 95 °C 15 sec and 60 °C 1 min. RT-qPCR data were
analyzed using the ABI7500Fast software. The RT-qPCRs were
performed in three independent experiments with triplicates for each
treatment.
2.5. IWR-1 treatment
The small molecule IWR-1 was purchased from Sigma-Aldrich.
20 mM stock solution was prepared in dimethyl sulfoxide (DMSO)
and stored at−20 °C in dark. All embryos were dechorionated before
IWR-1 treatment to improve access of chemicals. 30 embryos were
cultured in a 60×15 mm plastic falcon dish containing 10 ml of egg
water. All the treatments were performed with three replicates.2.6. Cell proliferation and apoptosis assay
For PCNA proliferation analysis, embryos were ﬁxed with Histo-
choice (Amresco H120, USA) for 1 hour at room temperature (RT).
The embryos were cryo-sectioned at a thickness of 10 μm. Sections
were incubated in mouse anti-PCNA (1:100; Dako M0879, Denmark)
antibodies overnight at 4 °C. Slides were then washed 4×20 min with
PBS and then incubated with secondary antibodies (goat-anti-mouse
Alexa-ﬂuor 594) for 1–2 hours in dark at RT. Slides were rinsed
4×15 min in dark in PBS. For apoptosis assay, embryos were ﬁxed
with 4% PFA overnight 4 °C. Then the section slides were incubated
in the labeling solution for 1 hour at 37 °C in dark, as described in
the protocol of the In Situ Cell Death Detection Kit TMR Red (Roche,
12156792910, Mannhelm, Germany). After being washed 4×20 min
by PBS at RT in dark, the slides were mounted with Vectashield DAPI
(4′-6-Diamidino-2 phenylindole) mounting media (Vector H1200,
USA) to counter-stain the nucleus. The nail-polish sealed sections
were kept in dark at RT and immediately imaged.
3. Results
3.1. wif1 is expressed in the early swimbladder
Our previous study has shown that wif1 is expressed in the mesen-
chyme layer of Xenopus lung [18]. To examinewhetherwif1 is expressed
in developing swimbladder in zebraﬁsh, WISH was performed using the
wif1 probe. As shown in Fig. 1, wif1 was indeed expressed in the swim-
bladder, where the wif1 expression was detected at 36 hpf (Fig. 1A and
B) and maintained at 48 hpf (Fig. 1C and D) and 72 hpf (Fig. 1E–H).
Besides the swimbladder, wif1 was also strongly expressed in the
midbrain, pancreas and weakly in the notochord (Fig. 1C–F). It is in-
teresting to note that the expression domain ofwif1 in the pneumatic
duct and the domain in the swimbladder bud were stained much
more intensely than the later expression in the whole swimbladder
(Fig. 1E, F). Cross section from embryos stained by WISH showed
that wif1 was expressed in the epithelium of swimbladder at 72 hpf
(Fig. 1G) and in the epithelium of pneumatic duct (Fig. 1H).
3.2. Knockdown of the wif1 expression by antisense morpholinos and its
effect on swimbladder development
In order to elucidate the function of wif1 in early swimbladder
development, morpholino knockdown was carried out. As this gene
has not been previously tested by the morpholino approach, two anti-
sense morpholino oligonucleotides were designed and synthesized.
ATG-MO targeted the 5′ UTR and ile2-MO targeted the junction of in-
tron 1 and exon 2 (Fig. 2A). The efﬁciency of the splicing i1e2-MO
was tested by RT-PCR in morphants (Fig. 2B). Compared to the con-
trol embryos, which had a properly spliced 290 bp band, the i1e2-
MO morphants produced an additional 440 bp band, indicating the
inclusion of intron 1. The effect on splicing caused by i1e2-MO per-
sisted at least until 72 hpf. Both the 4 ng and 8 ng i1e2-MO injection
achieved only partial knockdown effect, but a stronger effect was ob-
served in the 8-ng group (Fig. 2B). To conﬁrm that wif1 knockdown
up-regulated Wnt signaling, the expression levels of two Wnt target
genes, axin2 and lef1, were analyzed by quantitative real-time PCR
using 1 dpf embryos injected with wif1 ATG-MO (Fig. 2C) and i1e2-
MO (Fig. 2D), where the expression of axin2 and lef1 was up-regulated
to about four folds of those in controls. To conﬁrm that the target gene
expressions were up-regulated in the swimbladder, WISH assay was
conducted in Wif1 morphants (Fig. 2E–J). In the long 5-hour staining of
48 hpf wild type embryos (Fig. 2E, H), expressions of axin2 and lef1
were detected in several organs including the swimbladder (inserts in
Fig. 2E, G). In the short 1-hour staining, expression of axin2 and lef1
was not detected in the 48 hpf control embryos (Fig. 2E, G), but strongly
enhanced in the swimbladder in i1e2-MO morphants (Fig. 2F, H).
Fig. 1. Expression of wif1 in the early developing swimbladder. The expression pattern was assayed by WISH. (A, B) wif1 expression in the swimbladder at 36 hpf. (C, D) wif1
expression in the swimbladder at 48 hpf. The swimbladder regions in (A–D) are blown up as insets. (E, F) wif1 expression in the swimbladder, pneumatic duct and pancreas at
72 hpf. (G, H) Cross section showing wif1 expression in swimbladder epithelium (G) and separating pneumatic duct (H) at 72 hpf. Inserts in (A–D) are blowups of the boxed swim-
bladder regions. (A, C, E) were lateral view while (B, D, F) were ventral view. Abbreviations: ep, epithelium; g, gut; mb, mid-brain; nc, notochord; p, pancreas; pd, pneumatic duct;
sb, swimbladder. Scale bar: 100 μm.
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lef1 in the swimbladder.
Both ATG-MO and ile2-MO morphants showed shortened body
length, truncated and bended trunk due to perturbed somite formation,
and disorganized brain at 24 hpf (Fig. 3B and F). These effects appear to
be speciﬁc to these two MOs as the 5-bp mis-match morpholino (mis-
ATG-MO) had no effect on zebraﬁsh development (Fig. 3E) comparedFig. 2. Validation of wif1 morpholinos. (A) Schematic depiction of the design of Wif1 morph
the junction of intron 1 and exon 2. Two primers for RT-PCR were designed at exon 1 and
product, when the splicing of intron 1 is blocked. (B) RT-PCR assay of the control embryos
4 are 4 ng MO injected samples, and lane 5 is 8 ng injected samples. β-actin was used as a
hpf. (C, D) Elevated expression of Wnt signaling downstream genes, axin2 and lef1 inwif1, AT
and wild type embryos. Expression of auxin2 (E, F) and lef1 (G, H) was analyzed by 1-hour
5-hour staining of wild type. (F, G, I, J) 1-hour short staining of control and morphants. Rto control (Fig. 3A). To rule out the possibility that these MOs executed
off-target effect via activating p53 [19], we co-injected ATG-MOor i1e2-
MO with 1.5 fold of p53-MO. These resulted in similar phenotypes in
ATG-MO/p53-MO (Fig. 3C) and i1e2-MO/p53-MO compound mor-
phants (Fig. 3G), compared to single MO knockdown (Fig. 3B and F).
To further examine the speciﬁcity of the ATG-MOand i1e2-MO, a rescue
of the morphants by co-injecting 500 pg of wif1mRNA was performed.olino oligonucleotides. ATG-MO is designed against the 5′ UTR and i1e2-MO targets at
exon 2 to produce a product of 290 bp, when properly spliced, or an expected 440 bp
and i1e2-MO morphants at 24 hpf and 72 hpf. Lanes 1 and 3 are controls, lanes 2 and
loading control. Morpholino achieved partial knockdown, which persists at least till 72
G-MO (C) and i1e2-MO (D) injected embryos. (E–H)WISH analysis of 48 hpf morphant
staining. Inserts in (E, G) shows control embryos after 5-hour staining. (E, H) Normal
ed arrowhead indicated swimbladder region. sb: swimbladder. Scale bar: 200 μm.
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phenotype. Therefore, both of wif1 ATG-MO and i1e2-MO displayed a
high speciﬁcity without p53-dependent off-target effects.To further examine the effect of knockdownofWif1 on swimbladder
development, these MOs were also injected into embryos of Et(krt4:
EGFP)sq33-2, an enhancer trap linewithGFP expression in the epithelium
Fig. 3. Phenotypes of Wif1 morpholino knockdown. Et(krt4:EGFP)sq33-2 embryos were injected with Wif1 MO and mRNA. (A) Normal development in wild type embryos. (B–D)
Morphants resulted from injection of ATG-MO (B), ATG-MO and p53 MO (C) and ATG-MO and wif1 mRNA (D). (E) Normal development in embryos injected with mis-sense
mis-ATG-MO. (F–H) Morphants resulted from injection of i1e2-MO (F), i1e2-MO and p53 MO (G) and i1e2-MO and wif1 mRNA (H). (I–L) Normal swimbladder development in
Et(krt4:EGFP)sq33-2 embryos. (J–L) Et(krt4:EGFP)sq33-2 morphants resulted from injection of ATG-MO (J), ATG-MO and p53 MO (K) and ATG-MO and wif1 mRNA (L). (M) Normal
development in Et(krt4:EGFP)sq33-2 embryos injected with mis-sense mis-ATG-MO. (N–P) Et(krt4:EGFP)sq33-2 morphants resulted from injection of i1e2-MO (N), i1e2-MO and
p53 MO (O) and i1e2-MO and wif1 mRNA (P). Panels A–H show embryos at 24 hpf and panels I–P at 72 hpf. Red arrowheads indicate the swimbladder, and white arrows point
to the anterior swimbladder chamber. Scale bar: 200 μm.
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i1e2-MO (0.5 ng and 4 ng, respectively) produced similar phenotype
with shortened trunks and underdeveloped somites (Fig. 3B and F) at
24 hpf. At 72 hpf, the majority of the morphants showed only a small
swimbladder bud (Fig. 3J and N), as compared to the control embryos
with the complete swimbladder, including the primordium of the
second chamber (Fig. 3I). The detailed statistics and classiﬁcation of
morphant phenotypes at 72 hpf were summarized in Table 1. The mor-
phant were classiﬁed into type I and type II. Type I larvae displayed a
small swimbladder epithelium bud, and moderately truncated trunk
at 72 hpf (e.g. Fig. 3J, N), whereas type II larvae exhibited more severe
defects with complete absence of swimbladder epithelium bud and se-
verely truncated trunk (not shown). Based on WISH staining of hb9
marker at 36 hpf and GFP expression at 54 hpf in type I morphants,
the swimbladder markers appeared on time (not shown); thus, the de-
fective phenotypewas not due to an overall delay of development. Sim-
ilar to the observations made for 24 hpf morphants (Fig. 3C, D, G, H) co-
injection of p53-MOdid not reduce swimbladder phenotype (Fig. 3K, O)
while co-injection ofwif1mRNA also restored the normal swimbladder
phenotype including the second chamber bud at 72 hpf (Fig. 3L, P). All
together, these data demonstrated that wif1 is required for proper
development program of the early swimbladder of zebraﬁsh.3.3. wif1 deﬁciency disturbed development of epithelium, mesenchyme,
mesothelium and smooth muscle differentiation
To further reveal the effects of Wif1 knockdown on swimbladder
development, control and morphant embryos were assayed by
WISH at 72 hpf, using hb9, has2, anxa5 and acta2 probes to trace
the development of the epithelium, mesenchyme, mesothelium
and smooth muscle differentiation, respectively. The ATG-MO and
i1e2-MO morphants showed similar effect on the development of
epithelium of the swimbladder. Compared to the swimbladder in
wild type embryos (Fig. 4A), the morphant swimbladder was just
a small bud (Fig. 4B, C). In morphants, the mesenchyme of the
swimbladder was well speciﬁed and organized, but much reduced
(Fig. 4E, F) compared to that of controls (Fig. 4D). The differentia-
tion of mesenchyme cells into smooth muscle cells taking place in
controls (Fig. 4G) but was abrogated in the morphants (Fig. 4H, I).
The speciﬁcation of mesothelium cells continued, but their organiza-
tion was disturbed (Fig. 4K–L). Therefore, wif1 is not required for
the speciﬁcation of cells of all the three tissue layers, but was indis-
pensible for the growth of the swimbladder epithelium and mesen-
chyme, differentiation of smooth muscles, and organization of
mesothelium.
Table 1
Statistics of swimbladder phenotypes in wif1 morphants at 3 dpf.
Phenotype MO Total Type I Type II Normal
Mis-ATG-MO( 1 ng) 122 0 (0%) 0 (0%) 122 (100%)
ATG-MO (0.5 ng) 226 160 (71%) 40 (18%) 27 (12%)
ATG-MO (1.0 ng) 261 107 (41%) 149 (57%) 5 (2%)
i1e2-MO (4 ng) 235 165 (70%) 19 (8%) 52 (22%)
i1e2-MO (8 ng) 210 92 (44%) 107 (51%) 11 (5% )
Type I: small swimbladder epithelium bud, moderately truncated trunk.
Type II: no swimbladder epithelium bud, severely truncated trunk.
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and unchanged apoptosis in swimbladder
To reveal themechanism that led to the disturbance of swimbladder
development in wif1 morphants, cell proliferation and apoptosis in 72
hpf control and morphant embryos were examined (Fig. 5).
Much fewer PCNA-positive cells were detected in the swimbladder inFig. 4. Effects of Wif1 morpholino knockdown on the development of three tissue layers of th
epithelium as revealed by hb9 expression. (B–C) Greatly diminished swimbladder epitheliu
mesenchyme in wild type (D) and its reduction in morphants (E, F). (G–I) acta2 revealed di
in morphants (H, I). (J–L) anxa5 revealed properly organized mesothelium in wild type (J)
i1e2-MO morphants. Abbreviations: p, pancreas; sb, swimbladder. Scale bar: 100 μm.i1e2-MO morphants (Fig. 5D–F) than in control embryos (Fig. 5A–
C), indicating a substantial reduction of cell proliferation in the
swimbladder of wif1 morphants. In the apoptosis assay, there was
no increased number of TUNEL-positive cells observed in ile2-MO
morphants (Fig. 5J–L), compared to that in wild type embryos
(Fig. 5G–I), indicating cell apoptosis was not enhanced in swimbladder
in wif1 morphants. Therefore, reduced cell proliferation but not
enhanced apoptosis contributes to the disturbance of swimbladder
development in wif1morphants.
3.5. Wif1 expression was not affected by inhibition of Wnt signaling but
abolished by suppression of Hedgehog signaling
The small molecule IWR-1 is a potent and speciﬁc antagonist of
Wnt signaling [21] and we previously demonstrated that 10 μM is ef-
fective in inhibition of Wnt signaling in swimbladder development
[6]. To examine whether wif1 expression was affected by IWR-1 inhi-
bition of Wnt signaling, embryos were treated with 10 μM IWR-1
from 18 hpf and wif1 expression was examined by WISH at 72 hpf.
The expression level of wif1 mRNAs in the swimbladder in treatede swimbladder. All embryos were assayed at 72 hpf by WISH. (A) Normal swimbladder
m in morphants of ATG-MO. (B) and i1e2-MO (C). (D–F) has2 revealed swimbladder
fferentiated smooth muscle in wide type embryos (G) and its absence (red arrowhead)
and its disorganization in morphants (K, L). (B, E, H, K) ATG-MO morphants. (C, F, I, L)
Fig. 5. Effects of wif1 knockdown on cell proliferation and apoptosis in the swimbladder. Control and wif1 i1e2-MO injected embryos were ﬁxed at 72 hpf for proliferation and ap-
optosis assay. (A–F) Proliferation assayed transverse sections were stained with PCNA (red) and counterstained with DAPI (blue). The number of PCNA-positive cells was substan-
tially reduced in morphants (D–F) (n=18) compared to that of wild type embryos (A–C) (n=20). (G–L) Apoptosis assay using TUNEL method. TUNEL positive cells (red) and DAPI
stained cells (blue) were shown in cross sections. The number of TUNEL-positive cells in swimbladder was not increased in morphants (J–L) (n=16), compared to that of controls
(G–I) (n=18). Analysis was conducted in three independent experiments. White dotted circles indicated swimbladder region. Scale bars: 100 μm.
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suggesting that regulation of wif1 expression was independent from
Wnt signaling.
Hedgehog signaling (Hh) has been shown to function upstream of
Wnt signaling in mouse embryos to promote osteoblast maturation
during endochondral bone formation [22]. Our previous reports
have shown that Hh signaling is critical for normal development of
three different tissue layers at different developmental stages [20]
and the Hh signaling is maintained by Wnt signaling and during the
early swimbladder development regulates Wnt signaling via a nega-
tive feedback loop [6]. Since Wif1 is an inhibitor of Wnt signaling, it
is interesting to investigate whether Hh signaling regulates Wnt sig-
naling through modulation of wif1 expression. Thus, wif1 expression
was examined in the morphant of Indian hedgehog a (Ihha) [20]
and homozygous mutants affecting Sonic hedgehog (Shh, syut4) and
a Hh receptor Smoothened (smob641) [23]. Compared to the partial
loss of Hh signaling in syut4 mutants (Fig. 6C) and Ihha morphant
(Fig. 6D), in the smob641 mutants, which completely abolishes Hh
signaling, the expression of wif1 was completely absent from the
swimbladder as well as from the ventral midbrain (Fig. 6E), despite
the presence of disorganized swimbladder tissue in the smob641
mutants as we reported earlier [20]. Thus, during development of
swimbladder of zebraﬁsh the Wnt signaling is negatively regulated by
the Hh signaling via a positive regulation of expression of Wnt inhibitor
Wif1.4. Discussion
In our previous report, we demonstrated the importance of Wnt
signaling for zebraﬁsh swimbladder development through inhibition
of Wnt signaling [6]. Here we reported the requirement in negative
regulation of Wnt signaling during swimbladder development by
Wnt signaling inhibitor—Wif1. In Wif1 morphants, the swimbladder
development displayed many defects including impaired epithelium
and mesenchyme growth, lack of smooth muscle differentiation, and
disorganized mesothelium. An inhibition of Wnt signaling by chemical
inhibitor IWR-1 or by heat-shock of two transgenic lines, hs:Dkk1-GFP
and hs:ΔTcf-GFP [6] also caused defects of the swimbladder. Thus, it is
apparent that maintenance of a proper level of Wnt signaling is
important for swimbladder development in zebraﬁsh.
It is well known that signaling pathways regulate embryonic
development and homeostasis in a dosage-dependant manner. For
example, Ptch1 mediates dosage-dependent function of the Shh
signaling to regulate neural progenitor development during late
embryogenesis [24]. The Wnt signaling pathway also regulates cell
fates in a dosage-dependant manner. An increased level of Wnt3a
activity is necessary for the morphogenesis of more posterior deriva-
tives in the paraxial mesoderm [25]. Up-regulation of Wnt4 signaling
leads to an enhancement of the dosage-sensitive sex reversal in
humans [26]. By using different apc mutations with different levels
of β-catenin, it is revealed that cell proliferation, differentiation and
Fig. 7. Schematic depiction of crosstalk between Wif1, Wnt and Hh signaling. Wnt sig-
naling is inhibited by inhibitor Wif1 and small molecule IWR-1. Wnt signaling positive-
ly regulates expression of Hh components, and it is negatively regulated by Hh
signaling. wif1 expression is maintained by Hh signaling but not by Wnt signaling.
Fig. 6. The analysis of regulation ofwif1 expression. Wild type embryos were treated with 10 μM IWR-1 from 18 hpf and assayed byWISH at 72 hpf. (A, B) Expression ofwif1 in wild
type and IWR-1-treated embryos. The image of swimbladder region is blown up as an inset. (C–E) Expression of wif1 in the swimbladder and midbrain of syut4 mutants (C), ihha
morphants (D) and smob641 mutants (E). Red arrowheads indicate the swimbladder, thick red arrows in (A, B) points pancreas and thin red arrows in (C–E) indicate ventral mid-
brain. All images are in lateral view with anterior to the left unless speciﬁed in images. Scale bar: 200 μm.
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speciﬁc β-catenin threshold levels [27]. Another report also demon-
strated that Apc modulates the dosage of β-catenin signaling thereby
regulating embryonic stem-cell differentiation [28]. The regulation of
external genitalia morphogenesis is also controlled by Hh signals
integrated with Wnt/beta-catenin signaling in a dosage-dependent
manner [29]. During lung development, Wnt signaling acts in oppo-
site ways in a dosage-dependant manner: presence of the Wnt antag-
onist results in decreased epithelial branching [30], whereas the
knockdown of β-catenin leads to enhanced branching [31]. Further-
more, both up-regulation [31] and down-regulation [5,32] of Wnt
signaling lead to the decreased cell proliferation in mouse lung.
Our current results in zebraﬁsh swimbladder development are in
agreement with these reports in mammalian lung development
[5,31,32].
Previously, we also demonstrated the crosstalk between Wnt and
Hh signaling during swimbladder development [6]. While Wnt
signaling is important to maintain Hh signaling, the latter appears
to execute a negative feedback loop on Wnt signaling. In this study,
we found that wif1 expression is independent of Wnt signaling, but
is regulated negatively by Hh signaling. Thus, it is likely that the
negative feedback loop on Wnt activity is mediated by Hh signaling
at the level of controlling Wnt inhibitor, wif1. Furthermore, this
mechanism may not be restricted to only the swimbladder develop-
ment since the down-regulation of wif1 expression in smo mutants
was also observed in other tissues.
In consistency with the results from Hsieh et al. [7], we showed
the wif1 was also involved in somite morphogenesis, besides its crit-
ical role in early swimbladder development. Unlike the overexpres-
sion method used by Hsieh et al. in Xenopus, where dorsal injection
of WIF1 mRNA leads to dorsalization and anteriorization, while
ventral injection leads to the formation of a second axis [7], we used
wif1 morpholino knockdown to demonstrate the role of wif1 in
swimbladder development and also observed the knockdown effect
on somitogenesis, brain and trunk. Our rescue experiments by coin-
jection of wif1 mRNA and morpholino showed the correction of the
morpholino-caused defects in swimbladder, as well as in somite,
trunk and brain. However, there was no noticeable change caused
by overexpression of wif1 in the rescue experiments in tissues thatdid not express wif1. This may suggest that the non-expressing
tissues are insensitive to overexprssion of wif1, but we could not
rule out the possibility of minor changes that may be detected by
using speciﬁc molecular markers, which is beyond the scope of the
current study focusing on the swimbladder development.
Based on the information obtained from the current study, we
propose a model to summarize the crosstalk between Wif1, Wnt
and Hh signaling (Fig. 7). Wif1 and the small molecule IWR-1 inhibit
Wnt signaling. Hh signaling is maintained by Wnt signaling but
imposes a negative feedback regulation onWnt signaling. The expres-
sion of wif1 is maintained by Hh signaling but not by Wnt signaling.
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